Industrialisation and urbanization leads to an increase in concentration of greenhouse gases, which eventually alters the radiation balance of the climate system. Urban regions are hotspots of greenhouse gas emissions which include CO 2 , CH 4 , N 2 O, etc. Methane emitting sources hosted by cities include fossil fuel combustion, municipal waste and sewage management, blocked drains and pools etc. Waste discharges from the residences, food wastes, market places etc., contribute to the methane production. Urban heat island causing warm nights in the city is also a suitable condition for the generation of methane.
Introduction
Greenhouse gases play a crucial role in the thermodynamics of the atmosphere. They trap radiation emitted by the earth, thereby producing the greenhouse effect. The global mean concentration of the three most important greenhouse gases, CO 2 , CH 4 and N 2 O in 2012 stood at 393 ppm, 1.82 ppm and 325.1 ppb respectively [1] . Methane (CH 4 ) is the second largest contributor among greenhouse gases to global warming through radiative forcing of the Earth's climate system [3, 4] . The global mean concentration of methane is determined by a variety of terrestrial and atmospheric processes. Methane is released into the atmosphere by a wide number of sources, both natural and anthropogenic [5, 6] . About 40% of atmospheric methane originates naturally from wetlands and termites and the remaining 60% comes from anthropogenic sources like burning of fossil fuels, rice cultivation, ruminant animals, landfills and urban regions. Urban regions are now considered as a major source of methane [7, 8, 9] . The World Meteorological Organisation (WMO) Greenhouse Gas Bulletin states that the increase in global average methane levels was associated with increased emissions in the tropics and mid-latitudes [1, 2] . The atmospheric methane concentration has increased from 0.7 ppmV to a global average of 1.82 ppmV, over the last 300 years. The 157% increase in the atmospheric methane concentration since 1750 to the present is attributable mainly to increasing emissions from anthropogenic sources. Though the current atmospheric concentration of CH 4 is significantly lower than that of CO 2 , its large Global Warming Potential, estimated as 21 times as that of carbon dioxide, gives it a significant climatic importance. Methane contributes 18.5% of direct radiative forcing due to the long lived greenhouse gases affected by human activities.
It is reported that land-use changes have decreased natural emissions by only approximately 10 per cent [10] . It is also reported in 2006 that CH 4 emissions to the atmosphere from wetlands are approximately 150 Tg CH 4 yr−1 [11] .
Emissions of CH 4 from wetlands vary significantly from year to year depending on temperature and precipitation.
Other natural sources include termites, oceans (approx. 20 Tg CH 4 yr−1 each), wild fires and wild ruminant animals (approx. 5-10 Tg CH4 yr−1 each). Based on a pre-industrial CH4 atmospheric mole fraction of approximately 700 ppb, total pre-industrial emissions were approximately 215 Tg CH4 yr−1 [12] . The increase in the atmospheric CH4 from pre-industrial to modern times is the result of increased emissions from fossil fuel exploitation, agriculture, waste management and anthropogenic biomass burning. Total emissions from fossil fuel are estimated at approximately 110 Tg CH4 yr−1. Major agricultural sources are rice cultivation (approx. 30-40 Tg CH4 yr−1) and ruminant animals (approx. 80-90 Tg CH4 yr−1). The emission from biomass burning is initiated by humans for agriculture are estimated to be 45-55 Tg CH4 yr−1. Waste related sources are decomposition of biodegradable municipal solid waste in landfills and animal and human waste streams (approx. 50-60 Tg CH4 yr−1) [13] .
Emission from municipal waste and biomass burning causes rise in atmospheric methane, even though the emission from natural sources decreased.
There has been a growing interest in greenhouse gas emissions from urban regions across the globe. Reports of methane concentrations within different urban areas around the globe show a significant variability in ground level methane concentrations, both in terms of inter-city and intra-city scales. There have also been a few measurements from aircraft platforms. The present study is focused on investigating the seasonal variation of ground level methane mixing ratio in an urban centre interlaced by wetlands located on the southwest coast of India. The present paper also investigated the spatial variation of ground level methane concentration in different parts of the city including industrial areas, wetlands, markets, and the city centre. underneath. The average altitude towards the eastern fringes is about 7.5 m above MSL, and towards the west the altitude is less than one metre on an average. The whole of the land slopes gradually from east to west. 
Study Area

Methodology
Ground level mixing ratio of methane in the tropical coastal city of Kochi in South India, during calm early morning periods was measured. Sampling was carried out before sunrise to avoid the effects of ground heating and vertical mixing of air, as well as disturbance from vehicular traffic. Air samples were drawn into gas tight syringes, at screen height (1.2 m above ground), and sampling location and time recorded. A handheld GPS (Garmin 76S) was used to obtain the position of the sampling location. The traverses were mostly along roads chosen out of the city network to obtain uniform spacing between sampling locations. Samples were taken from approx. 40 locations in each survey.
The distance between sampling locations were of the order of 0.5 to 1.0 km, and selected to cover different land cover and land use categories in terms of residences, markets, building height, etc. The syringes were closed and slightly pressurized by compressing the piston of the syringe to ensure a small positive pressure inside to prevent any unexpected leakage of ambient air into the syringe. Air temperature was also recorded with a high resolution RTD probe (MadgTech USA). Automatic temperature recorders with 0.01 K resolutions and 0.1 K accuracy were used for reading air temperature. These measurements were taken during both winter and summer seasons, during 2011 to 2013.
Samples stored as above were brought to the laboratory and analysed on a Flame Ionisation Detector (FID)
in Gas Chromatograph (NUCON 5765). Isothermal separation in a packed 2 m long (PORAPAK Q) 80/100 mesh column was done at 70 o C, with 5N purity Nitrogen gas as carrier. FID was calibrated with standard gas mixtures.
The systematic uncertainty in methane estimation was ± 0.357 ppm. The use of gas chromatography gives higher accuracy to the measurements, especially since the range of methane concentration expected to encounter is the range 1.0 to 3.0 ppmV only. Contour plot of ground level methane mixing ratios were prepared. The measurements were repeated during different seasons.
Results and discussion
It is observed that the ground level methane concentrations were significantly higher than global average value.
Intra-city variation in ground level mixing ratio was also significant. The maximum value of ground level methane in winter and summer during the entire survey were 3.89 ppmV and 3.21ppmV respectively. It is observed that the maximum value of ground level methane was always higher than the global average of 1.9 ppmV. Fig.3 and Fig.4 show the spacial distribution of ground level methane during calm, dry winter and summer mornings respectively. Ground level methane concentration varies across different parts of the city. Industrial areas, wetlands, markets, and city centre are regions where higher methane concentration is observed. Wetlands and canal networks here are significant sources of methane emission. City centre comes under compact mid rise zone in the Local Climate Zone classification showed higher concentration of methane in all observations. Higher concentration of methane is also observed near two markets which fall under compact low rise zone in the classification. These two major markets are potential methane emitting sources in the region. Stagnant water bodies adjoining to the market area play an important role in the formation of methane. The water here is nearly stagnant since the entire city is close to sea level. Discharges from residences, eateries, market places, etc., are rich in biological waste are also contribute to methane production in this regions. Wetlands play a major role in the production of methane in sparsely build zone and open set zones. Table. 1 gives a summary of measured ground level methane concentrations over entire area during early morning stable atmospheric conditions. The first half of the year 2013 during which the above observations were made experienced lower rainfall than the corresponding period in 2011 and hence was relatively drier. The drier soil and waste dumps could be the reason for the generally lower CH 4 concentrations in 2013 compared to that in 2011. However, methane concentration in the city centre remain relativily constant during both seasons. Thomas and Zachariah [17] have, in a study of the urban heat island in Kochi, plotted the proportion of water cover in this study area. It is reported here that the water cover is as high as 70 percent in some parts of the area. These wetlands receive the storm water drains from the city which could also be carrying biological matter. This also produces a conducive environment for methanogenesis and could be one reason for the relatively high methane mixing ratio observed. It is also reported that the winter Urban Heat Island effect is higher than summer intensity. High soil moisture and higher temperature in the city centre serve as a suitable situation for the generation of methane in winter. Wastes originating from urban, industrial and rural areas have different methanogenic potential, and are categorised [18] .The major sources of methane in cities are industries, sewages, vehicular emissions, solid waste etc. Discharges from residences, eateries, market places etc., are rich in biological waste and hence contribute to methane production. The handling and disposal of municipal waste is a growing concern as the global volume of waste increases continuously [19, 20] . Increased urbanization, accelerated industrial growth, and increased pressure on waste disposal systems are important factors needing attention in this context [21] .
Major factors that influence the production of methane are soil moisture, soil temperature and air temperature comparatively higher than this in the night time, which is considered to be the optimum temperature for the methane production. The spatial and temporal behavior of atmospheric methane (CH 4 ) in the Nagoya metropolitan area reported a higher value in the urban area [22] . The large and active landfills are the major anthropogenic CH 4 sources and are located at the hill sites in the northeast region is the major source of methane in Nagoya. It was considered that the air mass with the high concentration of CH 4 flowed from the landfill sites into the urban area, and exerted substantial influences on the spatial and temporal variations of atmospheric CH 4 concentrations in the central city area. Ground level methane concentration at Thiruvananthapuram, another coastal city in India about 200 km from the present study area Kochi, were reported with a maximum value of 3.16 ppmV, and was higher than the background values. It was seen in this study that the vertical profile of CH 4 concentration within the urban canopy layer was neutral during stable pre-dawn conditions. It is also observed that the spatial distribution of the ambient methane exhibits sensitivity to urban environment [23] . Urban influences in the atmospheric concentration of other trace gases have also been detected. Urban signatures in tropical ozone column products derived from satellite measurements has been reported [24] . Methane concentration in the urban environment over Delhi has been reported as varying from 1.75 to 9.5 ppmV, with an average value of 4.121±0.354 ppmV [25] .
High atmospheric concentrations of methane in air samples from urban locations compared to those from nonurban locations at the same latitude have been reported by BlakeVan et al [26] . This "urban excess", i. Waste water treatment plants in urban areas are an important source of methane emissions. The methane emission related to the anaerobic digestion of primary and secondary sludge counts for about three quarters with respect to the waste water treatment plants overall methane emission and causes a slightly larger greenhouse gas footprint than the carbon dioxide emission that is avoided by using the resulting biogas for energy generation [34] . It is reported [35] that the methane uptake capacity of urban forests and lawns is significantly lower than that of their rural counterparts. While rural forests had a high capacity for CH 4 uptake (1.68 mg m -2 day -1 ), this capacity reduced to 0.23 mg m -2 day -1 in urban forests and almost completely disappeared in lawns. Possible mechanisms suggested for these reductions include increases in atmospheric N deposition and CO 2 levels, fertilization of lawns, and alteration of soil physical conditions that influence diffusion.
The observed mixing ratios for CH 4 near the Mt. Wilson (MW) Observatory in southern California (USA) ranged from 1.76 to 2.16 ppm [36] . Wunch et al [37] have carried out measurements in the Los Angeles region which show that urban emissions are a significant source of CH 4 , substantially higher than current estimates. These findings suggest that urban emissions could contribute 7-15% to the global anthropogenic budget of methane.
Conclusion
Urban regions are considered to be a major source of methane. Waste originated from urban areas and industrial areas under suitable conditions emit large amounts of methane to the atmosphere. The maximum value of ground level methane concentration in Kochi (India) urban area during winter was recorded at 3.89 ppmV and the corresponding value in summer was 3.21ppmV. The maximum value of ground level methane was always higher than the global average of 1.9 ppmV. Considering that this values was observed in free air conditions and that methane is a lighter than air gas, this high value indicates strong local emissions. A higher concentration of methane was observed in the city centre, market areas and industrial areas. Open waste dumps, sewers, stagnant water in canals, emission from vehicles, etc., are sources of methane in the urban environment.
It was observed that the methane concentration in the free air in the urban area was significantly higher than the global average values reported as well as the background values observed in adjoining suburban regions of the study area. This indicates strong local methane sources. It was also observed that the ground level concentration is higher in localities like industrial area, market places, waste disposal sites, wetlands, etc.
A major portion of the study area was covered by wetlands, which play a major role in the generation of methane in this region. Correlation between methane concentration and temperature was not evident in the measured data, even though temperature is generally understood to be an influencing parameter. Two factors that could be responsible for this are the variability in other influencing parameters mentioned above, and the already warm tropical climate keeping methanogenesis high. This should be the focus of future studies.
